Any implant introduced into the human organism may undergo degradation depending on the physicio-chemical qualities of the concerned materials. Although the in vivo degradation and corrosion of implants and prostheses have largely been demonstrated in patients, very few experiments have been conducted to assess the corrosion behaviour of implant alloys under biological conditions, which tend to simulate the complex environment leading to corrosion.
12
]. This work consists in assessing the NiTi alloy electrochemical characteristics under biological conditions in relation to its components nickel and titanium. Therefore, corrosion assays were conducted with conventional artificial saliva [13] and especially with a culture medium with or without a human lymphoid cell line in suspension culture.
Materials and Methods

Test samples
The present work was conducted on 5 different alloys representative for multiple biomedical use: Ti6Al4V, NiTi (49/51), NiCr (59/26), 316L, PdAg (62/28), and 2 pure metals: hp-Ni and cp-Ti. The alloys were cast into cylinders of 12 and 15 mm in diameter using the standard laboratory techniques and were cut in disks of 1.2 mm thickness. Specimens were automatically polished at grade 1200 using carbide silicon paper. The surface cleanness was assessed by SEM. Roughness was characterised by LASER confocal microscopy ( Fig. 1) , the Ra differences of all samples was between 1.7 and 2.5 µm (Table 1) . After polishing, the samples were cleaned in an ultrasonic ethanol bath, air dried, and sterilized.
Electrochemical tests
The electrochemical device was a Bioreactor developed within an European Concerted Action BioMed [14] by our Laboratory and the Company Inceltech-SGI France (Toulouse). It consists of an electrochemical cell and a potentiokinetic setting. It is based on a classical fermentator arranged specifically for multiple investigations on the corrosion behaviour of metallic biomaterials (Fig. 2) , in particular to realize simultaneously bacterial or cell cultures and electrochemical tests. A palladium foil is used as the counter electrode and potentials are controlled with respect to an Ag/AgCl electrode connected via a salt bridge and an adjustable Luggin capillary (Fig. 3) . The working electrode with a surface area of about 0.5 cm 2 is attached by means of an O-ring sliding assembly so that its surface pointed up parallel to the counter electrode (KMS1, Sensortechnik Meinsberg Gmbh, Waldheim, Germany). The distance between both electrodes is about 1 cm. The bioreactor has a working volume of 650 mL. The potentiodynamic control of the working electrode was provided by a potentiostat (PGP 201 Rodiometer-Tacussel, Copenhagen, DK). The overall system was controlled using a PCcompatible microcomputer with VoltaMaster 1 software from Rodiometer-Tacussel. Electrochemical testing procedures: A first test series was conducted with the synthetic saliva (T Ta ab bl le e 2 2) according to the NFstandard S 91-141 as reference electrolyte [2] . Freshly prepared test samples (12 mm) were immediately introduced to the corrosion cell. The electrolyte of the second test series was the culture medium RPMI (Gibco BRL) complemented with 10% foetal calf serum (FCS) (Eurobio). All assays were performed with each alloy or metal in the culture medium with and without CEM cells, a human lymphoid cell line (ATCC-TIB95). The applied cell concentration was 10,000 cells ml
The following sequence of measurements was used throughout the whole study [15] : (i) determination of the open-circuit potential over a 24 hours period, the value obtained after stabilisation of the curve being called the rest potential; (ii) cathodic scouring of the working electrode at -800 mV/SCE for 10 min to reduce the surface films; (iii) assessment of the global polarisation curves between -800 and +1000 mV with a scanning rate of 60 mV/min.
Cell culture
Cell proliferation tests: Human epithelial embryonic cells (cellline L132, ATCC CCL5), were used for this test [16, 17] . The cells were incubated at 37°C in a 5% CO 2 atmosphere with 100% relative humidity. The cell culture medium consisted of Earl's Minimum Essential Medium (MEM) containing L-glu- Figure 1 : PdAg-test sample after polishing with 1200 grade SiC-paper, R a = 1.9 µm. tamine (Gibco BRL), streptomycin (0.1 g/l) and penicillin (100 UI/ml), and supplemented with 5% foetal calf serum (Eurobio). Disks of each alloy or metal were placed in the bottom of a 15.5 mm multiwell plate (Costar). Cell suspensions (10 5 cells/ml) were gently placed on each disk. Empty culture chambers filled only with cell suspension served as negative controls. 72 hours later, cell counting was performed using a Coulter Z1 cell counter. The cell proliferation rate was calculated as the number of grown cells on the samples divided by the number of control cells. The data were expressed as the mean percentage ± SD with respect to the control cultures (100%). Triplicate assays were run in each test and the test was repeated five times. All in vitro cell incubations were performed at 37°C in 5% CO 2 atmosphere and 100% relative humidity in a Binder CO 2 incubator (CB 150 / APT.line) with high stability of all technical parameters. Ion release was measured in the culture medium of L132 cells after the 3-and 6-days proliferation assays on the experimental alloys and metals. The media were analysed, after mineralization, by Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES). Ni and Ti were considered as elements to be analysed. Cytoskeletal organisation: Actin filaments were labelled in L132 cells with 1.2 µg/ml FITC-phalloidin (Sigma) [18] . After washes in buffer, the specimens are embedded in PBS-Glycerol-DABCO (1/1) (Sigma) mounting medium and examined in a ZEISS epifluorescence microscopy or in a LEICA TCS NT LASER scanning confocal microscope.
Results
Electrochemical tests
The Potential vs. time curves obtained in the present study allow to determine the rest potential of the test samples; its value is obtained when the potential remains constant. The tests were carried out at 37°C and with a pH stabilised at 7. Handling was repeated three times, the average results are represented in Table 3 . The measured rest potentials of all alloys and metals are in accordance to those generally indicated in multiple investigations. Ti6Al4V and cp-Ti, present logically the highest rest potentials, which significantly increase a first time in the organic electrolyte (RPMI) and further in the presence of CEM cells. A similar behaviour is observed for hp-Ni. The values of NiTi remain stable and those of 316L decrease having significantly more anodic rest potentials. The global polarisation assessment (Fig. 4) allows the determination of the breakdown potential. Its value corresponds to the potential, from which the passivation film is altered or broken and the corrosion of the material subsequently accelerates. Although the density of current is relatively stable before the breakdown potential, it increases abruptly after it. A remarkable influence of the organic electrolyte and living cells has been observed for hp-Ni and the stainless steel 316L, where the breakdown potential significantly increased (Fig. 4b , Table 3 ).
Although the breakdown potential of NiTi decreases, this alloy still remains passive at values higher than 500 mV/SCE. In contrast, no increase of the current in the studied interval is observed for Ti6Al4V, cp-Ti and PdAg. They remain passive up to 1000 mV/SCE, which indicates that both materials possess highly resistant passivation films. The passive current is an other important point. It is the density of current in its passivation domain of an alloy. hp-Ni has produces significant passive currents between 800 and 13000 µA/cm 
Biological tests
The average results of cell proliferation tests are represented in Figure 5 . For all alloy types lower proliferation rates were noted with respect to the control. NiTi and TI6Al4V are the most cytocompatible materials with 77% and 73% proliferation ra-ORIGINAL ARBEITEN 6a) and Ti6Al4V (Fig 6b) . A lower orientation and intensity of actin fibres are observed in cells grown on cp-Ti, PdAg and 316L (Figs 6e-g ). NiTi (Fig. 6c) and NiCr (Fig. 6d) induced spreading of cells with a weakly developed cytoskeleton. The actin fibres were strongly reduced in cells on hp-Ni, which mostly have retracted forms with a reduced cytoplasmic area (Fig.  6h) . The ion release has been determined for further explanation of any biological reaction. The Ni concentrations are significantly different to those of control cultures (Table 4 ). The nickel-content in the control medium does not exceed 0.01 ppm (normally contained in the foetal calf serum added to the culture medium), the Ni-release from the NiTi is very low (mean value 0.1 ppm), but rather high from pure nickel samples: 6.6 and 11.4 ppm after 3-and 6-days cultures respectively. Titanium is not detectable in the control medium. Its release is extremely low from the cp-Ti (detection limit) and is slightly increased from NiTi samples. No significant differences can be stated after 3-and 6-days cultures.
Discussion
Nickel and in particular nickel compounds are recognised to have more or less toxic and/or carcinogenic effects in animals an human beings [19, 20] . These effects can be induced by occupational exposure and also -but on a limited scale -by long-lasting exposure to implants and prostheses [11] . Since nickel represents 49% of the composition of NiTi, it was interesting to assess whether this high amount has an unwanted biological side effect and to compare the results from electrochemical and biological assays its NiTi with its two pure con-
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J.-C. Hornez: Cytocompatibility and bio-corrosion of implant alloys in different cell culture systems This indicates a high susceptibility to corrosion, which is checked, indeed, for hp-Ni, NiCr and 316L by the global polarization assessment. The NiTi, Ti6Al4V, cp-Ti and PdAg have revealed in identical assays, however, a very good corrosion resistance with very low passive currents and very high breakdown potentials, hp-Ni presenting a 1000 times higher passive current. The low passive current of NiTi and cp-Ti indicate a slower corrosion speed and subsequently a lower ion release into electrolytes or biological fluids [22] . This is of great importance for the biocompatibility of any alloy [9, 23, 24] . Pure nickel has not only an unpropitious corrosion behaviour but also induces unfavourable biological responses as revealed by the cell proliferation test, which is a routine test method giving reproducible and quantitative results. This cell proliferation test consolidates the results obtained by the corrosion experiments.
The labelling of actin and the cytoskeleton are a qualitative assay. The results reflect in some way those obtained by the proliferation test. L132 cells show similar cell morphology and actin filament distribution and intensity in control cells and in cells grown on cp-Ti, Ti6Al4V, cp-Ti, PdAg and 316L. These cells are wide spread on NiCr and NiTi. However, cells grown on hp-Ni only show some rare actin filament, and the green colour of the cell is probably due to the labelling of depolymerised actin in the so-called globular state.
The ultimate responsible for all these biological effects is the Ni-ion release from pure nickel by a low electrochemical corrosion resistance but also by a direct action of biological fluids and of living cells [25] . Nickel is nearly not released when it is allied in a high quality alloy with excellent physical characteristics [26] .
Conclusion
New technology has been applied for the electrochemical characterisation of the NiTi shape memory alloy compared to its pure components and different currently used alloys. The elec-
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J.-C. Hornez: Cytocompatibility and bio-corrosion of implant alloys in different cell culture systems trochemical assays reveal a clear difference of corrosion behaviour in inorganic and organic (biological) electrolytes, and that living organisms such as cells have an additional effect on the corrosion resistance. The electrochemical results give a better understanding for how biodegradation of metallic implants may really happen in the human organism. In vitro corrosion assays with artificial saline solutions as electrolytes give low relevance for real physiological conditions. Routine cytoxicity tests and in particular more realistic cell function assessments like the integrity of the cytosceleton have confirmed that nickel is not only a corrosive but also a cytotoxic material. Its use in implants, prostheses and other medical devices should be regulated within the condition of lowest release. cp-Ti and NiTi are biocompatible and particularly corrosion resistant. Evidence is shown here that the introduction of nickel into this alloy does not generate any cytotoxic reaction nor alters the physiological and functional behaviour of cells. In addition, it confers a very special property on this alloy which is shape memory and which provides this alloy with some important advantages in orthodontic and cardiovascular domains.
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Abstract
Any implant introduced into the human organism may undergo degradation depending on the physicio-chemical qualities of the concerned materials. Although the in vivo degradation and corrosion of implants and prostheses have largely been demonstrated in patients, very few experiments have been conducted to assess the corrosion behaviour of implant alloys under biological conditions, which tend to simulate the complex environment leading to corrosion. The present work was conducted on 5 different alloys representative for multiple biomedical use: Ti6Al4V, NiTi (49/51), NiCr (59/26), 316L, PdAg (62/28), and 2 pure metals: hp-Ni and cp-Ti. The electrolytes for the electrochemical assays were artificial saliva pH 6.8 and RPMI cell culture medium as biological milieu with and without cells. The rest potential and the global polarisation were established. The CEM line, human lymphoid cells, (ATCC-TIB95) was used for the electrochemical assays. The cell reaction was assessed by in vitro proliferation test on L132 human epithelial cells (ATCC-CCL5). Actin labelling was performed to assess their adhesion behaviour. Ion analyses by ICP-AES were carried out in the culture medium after the electrochemical assays and proliferation tests. The electrochemical assays reveal a different corrosion behaviour of all alloys in the three electrolytes: RPMI with/without cells generally increase corrosion and diminish the break-down potential. These differences are significant for 316L, NiCr and hp-Ni, less notable for PdAg and nearly absent for the Ti-base alloys. A similar classification can be obtained by the cell proliferation tests. Actin labelling revealed important and well aligned intracellular filaments on the control and the Ti6Al4V, and a little less on cp-Ti, PdAg, and 316L. These fibres were more reduced on NiTi and NiCr and absent on hp-Ni. 
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tests samples in the presence of CEM cells with respect to culture medium alone. This release was in most cases significantly higher after proliferation than after corrosion. The Ni release from NiTi is extremely low which may explain its good biological behaviour.
All results lead to the same tendency: all alloys corrode more in biological milieu than in saline solution such as artificial saliva. Ti and Ti-base alloys are nearly inert from the electrochemical and from the biological point of view as well. Stainless steel and NiCr are the less favourable alloys for biomedical use. The electrochemical results give a better understanding for how biodegradation of metallic implants may really happen in the human organism. In vitro corrosion assays with artificial saline solutions as electrolytes give low relevance for real physiological conditions.
